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INTRODUCTION 

Recent ly ,  increased  a t t e n t i o n  is being d i r e c t e d  toward t h e  p y r o l y s i s  rou te  
of processing coa l  t o  produce l i q u i d  and gaseous f u e l s ,  i n  p a r t i c u l a r  when coupled 
wi th  t h e  use of char  by-product f o r  prwer genera t ion . (L)  In  view of t h e  increased  
i n t e r e s t  i n  coa l  p y r o l y s i s ,  a b e t t e r  understanding of t h e  thermal  response of coa ls  
as they a r e  heated under  var ious  condi t ions  is needed. 

Conventional l i q u e f a c t i o n  processes  developed f o r  Eas te rn  bituminous c o a l s  
might not  be t h e  bes t  choice  f o r  Western low-rank c o a l s  because of t h e  s u b s t a n t i a l  
Property and s t r u c t u r a l  d i f f e r e n c e s  between them. In  genera l ,  low-rank c o a l s  a r e  
more s u s c e p t i b l e  t o  r e a c t i o n  wi th  H 2 ,  CO, o r  H2S. 

Coal hydropyrolysis  is def ined  as p y r o l y s i s  under hydrogen p r e s s u r e  and 
involves  t h e  thermal  decomposition of c o a l  macerals  fol lowed by e v o l u t i o n  and crack- 
i n g  of v o l a t i l e s  i n  t h e  hydrogen. It is g e n e r a l l y  agreed t h a t  t h e  presence of 
hydrogen during t h e  p y r o l y s i s  i n c r e a s e s  o v e r a l l  c o a l  conversion.(&A) 

I n  t h e  present  s tudy we i n v e s t i g a t e d  p y r o l y s i s  of var ious  ranks of c o a l s  
under d i f f e r e n t  gaseous environments. Low-rank c o a l s  such as Wyoming subbituminous 
coa l  and North Dakota l i g n i t e  were pyrolyzed and t h e i r  r e s u l t s  were compared wi th  
Kentucky and I l l i n o i s  bituminous coa ls .  

EXPERIMENTAL 

The coa ls  used i n  t h i s  s tudy included Wyoming subbituminous coa l ,  North 
Dakota l i g n i t e ,  Kentucky bituminous c o a l ,  and I l l i n o i s  No. 6 bituminous coal .  
Proximate and u l t i m a t e  ana lyses  of t h e  coa ls  s t u d i e d  a r e  given i n  Table  I. 

A l l  p y r o l y s i s  experiments  were c a r r i e d  out  i n  t h e  thermogravimetr ic  
appara tus  (TGA) having a p r e s s u r e  capac i ty  of up t o  1000 ps i .  A schematic  of t h e  
experimental  u n i t  is shown i n  F igure  1. It c o n s i s t s  of t h e  DuPont 1090 Thermal 
Analyzer and t h e  micro-balance reac tor .  The l a t t e r  was enclosed i n s i d e  a pressure  
ves'sel with a c o n t r o l l e d  temperature  programmer and a computer d a t a  s t o r a g e  system. 
The pressure  v e s s e l  was custom manufactured by Autoclave Engineers. A s i m i l a r  set- 
up was used previously by o t h e r s . ( )  A chromel-alumel thermocouple was set in c l o s e  
proximity t o  t h e  sample i n s i d e  a r e a c t o r .  The r e a c t o r  was made of a q u a r t z  tube 
which was surrounded by a t u b u l a r  furnace.  I n  a t y p i c a l  c o a l  p y r o l y s i s  run,  t h e  
c o a l  sample (20-30 mg) was placed i n  a plat inum boat  which w a s  suspended from t h e  
quar tz  beam of t h e  TGA balance.  The coal  p a r t i c l e  s i z e  used was 100-200 mesh. 
Samples were hea ted  t o  d e s i r e d  temperatures  at  l i n e a r  h e a t i n g  rates o r  heated 
i so thermal ly  under var ious  gaseous environments. 

FT-infrared was a l s o  used t o  monitor t h e  degree of p y r o l y s i s  f o r  var ious  
The K B r  (potassium bromide) p e l l e t  of sample was samples a t  d i f f e r e n t  temperatures .  

prepared f o r  FTIR a n a l y s i s .  

RESULTS AND DISCUSSION 

Typica l  thermograms of Wyoming c o a l  under hydrogen p r e s s u r e  are given i n  
F igure  2 .  The TGA and t h e  weight l o s s  rate thermograms show a major weight l o s s  a t  
temperatures  ranging from 35O-6OO0C. A secondary hydropyrolysis  peak occurs  above 
600°C most l i k e l y  due t o  the  gas releases from t h e  f u r t h e r  decomposition of coal .  
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Figure  3 shows a comparison of  d e r i v a t i v e  thermograms f o r  f o u r  d i f f e r e n t  rank coals. 
The d i f f e r e n c e s  of d e v o l a t i l i z a t i o n  r a t e  a r e  not  l a r g e  a t  temperatures  up t o  500'c, 
however, above 5OO0C, t h e  secondary hydropyrolysis .  peak of low-rank coa l  becones 
dominant. 

The i n f l u e n c e  of h e a t i n g  rate on c o a l  hydropyrolysis  was s t u d i e d  over a 
range of 5-IOO°C/min. As shown i n  F igure  4 ,  t h e  two peaks were observed, t h e  f i r s t  
of which w e  c a l l  t h e  primary v o l a t i l i z a t i o n ,  and t h e  second, c h a r a c t e r i s t i c  of  loca l  
hydropyrolysis .  The f i r s t  peak increased  r a p i d l y  wi th  t h e  i n c r e a s e  of t h e  heat ing 
rate. The second c h a r a c t e r i s t i c  peak becomes r e l a t i v e l y  dominant a t  lower heat ing 
rates. It seems t h a t  t h e  hydropyrolys is  peak is favored by slow h e a t i n g  r a t e s ,  
i n d i c a t i n g  a h e a t  t r a n s f e r  l i m i t a t i o n  w i t h i n  t h e  secondary hydropyrolysis  region. 
In c o n t r a s t ,  c o a l  pyrolyzed under a n  i n e r t  n i t rogen  atmosphere r e s u l t s  in an 
i n c r e a s e  of weight l o s s  r a t e  w i t h  i n c r e a s i n g  h e a t i n g  r a t e s ,  but t h e  shape of the 
curves remains t h e  same (Figure  5 ) .  

The e f f e c t  of hydrogen on c o a l  p y r o l y s i s  can f u r t h e r  be i l l u s t r a t e d  by 
Figure  6,  where we compared d e r i v a t i v e  thermograms. of Wyoming c o a l  pyrolyzed a t  
200 psig of N2 and 200 p s i g  of H2 a t  t h e  same h e a t i n g  r a t e s  (2O0C/min). The second- 
a ry  hydropyrolysis  peak observed a t  580°C in t h e  HZ run was absent  i n  t h e  N2 atmo- 
sphere. 

FTIR s p e c t r a  of t h e  o r i g i n a l  c o a l  and char  from pyro lyz ing  Wyoming coal  
under H2 pressure  a t  va ious temperatures  are shown in Figure  7 (only wave numbers 
between 1700 and 400 cm-' were shown h e r e  f o r  comparison). The s t r o n g e s t  absorpt ion 
band loca ted  a t  1600 cm-' begins  t o  decrease  in i n t e n s i t y  a t  470°C. This band has 
been assigned t o  a romat ic  r i n g  C-C v i b r a t i o n  a s s o c i a t e d  wi th  pheno ic/phenoxy 
groups.(?) S i m i l a r l y ,  t h e  aromatic-oxygen v i b r a t i o n  band near  1260 cm-' shows an 
equiva len t  decrease.  The a b s o r p t i o n  bands between 720 t o  870 cm-' (which a r i s e  from 
t h e  out-of-plane aromatic  CH v i b r a t i o n s )  i n c r e a s e  markedly a t  470"C, i n d i c a t i n g  a 
growth in s i z e  of a romat ic  c l u s t e r s  in t h e  r e a c t e d  coa l .  A t  65OoC, most organi  
absorp t ion  bands were diminished except  f o r  a broad band ranging from 1000-1090 cm- 
due t o  c lay  minera l  a b s o r p t i o n . ( l )  An i n c r e a s e  in t h e  s t r u c t u r e l e s s  background 
absorp t ion  is observed,  s u g g e s t i n g  a growth of g r a p h i t i z a t i o n  in t h e  r e s i d u e  c o a l .  
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The k i n e t i c s  of c o a l  p y r o l y s i s  are complicated because of t h e  numerous 
components O K  s p e c i e s  which are s imul taneous ly  pyrolyzed and decomposed. For 
measuring k i n e t i c  parameters ,  w e  t r e a t e d  d a t a  fo l lowing  t h e  procedure of Coats and 
Redfern (L) and Mickelson and E i n h o r n . 0 )  The k i n e t i c  parameters  f o r  f o u r  d i f f e r e n t  
c o a l s  heated under H2 p r e s s u r e  a r e  presented  in Table 11. A r e a c t i o n  order  equal  
2.3 t o  2.9 was observed f o r  t h e  primary hydropyrolysis  peaks. A high r e a c t i o n  order  
w a s  obtained f o r  t h e  secondary r e a c t i o n  peak under hydrogen pressure.  The k i n e t i c  
parameters f o r  four  d i f f e r e n t  coa ls  heated under N2 atmosphere compared wi th  d a t a  
presented  i n  t h e  l i t e r a t u r e  a r e  l i s t e d  i n  Table  111. 

K i n e t i c  parameters  f o r  n ( r e a c t i o n  o r d e r )  and E ( a c t i v a t i o n  energy)  i n  t h e  
l i t e r a t u r e  show s i g n i f i c a n t  v a r i a t i o n  f o r  d i f f e r e n t  techniques  and c o a l  
(Table  111). By cons ider ing  t h e  complexity of coa l  thermal degrada t ion ,  many 
a u t h o r s  have contented t h a t  a s imple,  f i r s t - o r d e r  r e a c t i o n  is inadequate .  Wiser e t  
al .  (10) found t h a t  n=2 gave t h e  b e s t  f i t  t o  t h e i r  d a t a ,  while  Skylar  et  a l .  (11) 
observed t h a t  va lues  of n above 2 were requi red  t o  f i t  nonisothermal  d e v o l a t i l i z a -  
t i o n  da ta  f o r  d i f f e r e n t  c o a l s .  The k i n e t i c  parameters  obtained in t h i s  s tudy  a l s o  
show a non-integer r e a c t i o n  order .  The thermal decomposition of c o a l s  are complex 
because of the numerous components o r  s p e c i e s  which a r e  s imultaneously decomposed 
and recondensed. 

F igure  8 demonstrates  t h e  i n f l u e n c e  of CO on d e v o l a t i l i z a t i o n  f o r  d i f -  
f e r e n t  ranks of coa l .  For t h e  h igher  rank coa ls  (i.e., Kentucky and I l l i n o i s  
bituminous c o a l s ) ,  pyKOlySiS in t h e  presence  of CO p l u s  H2 o r  H2 a l o n e  fo l lows  t h e  

146 



Same path.  However, l i g n i t e  showed a marked i n c r e a s e  of p y r o l y s i s  Kate in t h e  run 
where CO was added. A h igher  conten t  of r e a c t i v e  oxygenated bonds ( i . e . ,  ca rboxyl  
o r  e t h e r  l inkages)  i n  low-rank coa ls  could be t h e  reason f o r  t h e  h igh  r e a c t i v i t y  in 
t h e  Presence of CO. The k i n e t i c  parameters  determined f o r  c o a l  pyrolyzed in syngas 
(CO/Hz mixture)  are l i s t e d  in Table I V .  A s  shown in t h e  t a b l e ,  a high r e a c t i o n  
order  was obtained f o r  t h e  H2 and CO/H2 runs,  p a r t i c u l a r l y  f o r  t h e  low-rank c o a l s  
which showed a secondary r e a c t i o n  occurr ing  a t  temperatures  above 500OC. 

CONCLUSIONS 

Laboratory microsca le  s t u d i e s  have demonstrated t h a t  t h e  c o a l  p y r o l y s i s  in 
a hydrogen atmosphere gave h igher  degree of d e v o l a t i l i z a t i o n  i n  low-rank c o a l s  than  
p y r o l y s i s  i n  an i n e r t  atmosphere. I n  hydrogen atmosphere two d i s t i n c t  s t e p s  i n  c o a l  
d e v o l a t i l i z a t i o n  were observed as shown by t h e  double peak of t h e  d e v o l a t i l i z a t i o n  
rate. Only one s t e p  w a s  observed under n i t r o g e n  atmosphere. I n  a comparison of 
k i n e t i c  parameters, a high r e a c t i o n  order  and a low a c t i v a t i o n  energy were a l s o  
obta ined  i n  t h e  c o a l  hydropyrolysis .  Appl ica t ion  of d a t a  and observa t ions  from t h i s  
s tudy could lead t o  a b e t t e r  understanding of chemical and p h y s i c a l  changes dur ing  
t h e  c o a l  hydropyrolysis  and seek  a l t e r n a t i v e  c o a l  conversion routes .  
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Table I1 

KINETIC PARAMETERS OF COAL HYDROPYROLYSIS~ 

Act iva t ion  Energy Frequency Fac tor  
React ion Order (kcal /mole)  (min-1) 

1 s t  Peak 2nd Peak 1st Peak 2nd Peak 1st Peak 2nd Peak 

Wyoming 2.5 3.4 18.9 64.5 1 . 6 ~ 1 0 ~  1 . 3 ~ 1 0 ~ ~  

~----- Coal - 

North Dakota 
Ligni te  2.9 4.7 23.9 70.4 4 . 2 ~ 1 0 ~  1 . 2 ~ 1 0 ~ ~  

Kentucky 2.3 -- 23.4 -- 3 . 1 ~ 1 0 ~  -- 
I l l i n o i s  2.4 -- 29.2 -- 1.9x108 -- 

a Samples were heated a t  50°C/min under 500 p s i g  H2.  
Hydropyrolysis c h a r a c t e r i s t i c  peak occurred i n  low-rank c o a l s .  

I, 
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Table I11 

A COMPARISON OF KINETIC PARAMETERS I N  COAL PYROLYSIS 

Act iva t ion  Frequency 
React ion m e r g y  Fac tor  

I n v e s t i g a t o r s  - Coal Order (kcal/rnole) (min-' ) Reference 

Wiser Utah 
e t  al. Bituminous 2 15.0 2 . 9 ~ 1 0 ~  ( 9 )  

e t  a l .  Bituminous la 27.3 3.2X1O8 (11) 

e t  a l .  Bituminous l a  39.5 1 . 7 ~ 1  O1 ( 5 )  

L i g n i t e  l a  53.6 1 . 7 ~ 1 ' 0 ~  ( 5 )  

Bituminous l a  52.3 1 . 7 ~ 1  O1 ( 5 )  

e t  al. Coal 2.3 10.0 1 . 3 ~ 1 0 ~  (10)  

G a s  Coal 2.1 14.6 5 . 1 ~ 1 0 ~  (10)  

Stone P i t t s b u r g h  Seam 

Ciuryla  P i t t s b u r g h  Seam 

North Dakota 

I l l i n o i s  

Skylar  Sovie t  

Sovie t  

This workb Wyoming 
Subbituminous 2.1 25.1 6 . 1 ~ 1 0 ~  

North Dakota 
L i g n i t e  2.2 23.2 1.2x106 

Kentucky 

I l l i n o i s  

Bituminous 1.9 26.9 4.2~10' 

Bituminous 1.8 30.9 4 . 8 ~ 1 0 ~  

a Based on a s e r i e s  of f i r s t - o r d e r  r e a c t i o n s .  
Samples were heated a t  50°C/rnin under 50 cc/min ambient N2 flow. 
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Table I V  

KINETIC PARAMETERS OF COAL PYROLYSIS UNDER S Y N G A S ~  

Coal - 
Act iva t ion  Frequent Factor  

React ion Order Energy (kcal /mole)  (min-1) 
1 s t  Peak 2nd Peak 1st Peak 2nd Peak 1st Peak 2nd Peak ------ 

Wyoming c o a l  2.8 

North Dakota 
L i g n i t e  2.6 

Kentucky Coal 2.3 

I l l i n o i s  Coal 2.3 

23.1 57.5 1 .1x107 7 . 1 ~ 1 0 ~ ~  3.6 

2.8 20.8 32.6 2 . 6 ~ 1 0 ~  1 . 8 ~ 1 0 ~ ~  

-- 22.9 -- 2 . 3 ~ 1 0 ~  -- 
-- 25.4 -- 3 . 5 ~ 1 0 ~  -- 

a Samples were heated a t  50°C/min under 500 p s i g  H2 /CO (3/1 mole r a t i o ) .  
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Fig. 2 Typicol Pressure TGA Thermograms o f  Wyoming Coal 
Heoted ot 5O0C/min ond 500 psi9 H2. 
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Fig. 3 A Comparison o f  Hydropyrolysis Oerivakive Thermograms 
for Varioua Coals at 50 OC/rnin and 500 psi9 H2. 
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Fig. 6 A Comparison o f  Thermograms between Wyoming C o a l  
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Fig. 7 FT-IR Monitor o f  Wyoming Cool Pyrolysis 
under 500 p a i g  H2 at Various Temperatures. 
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ILLINOIS mAL 

Fig. 8 The Influence o f  CO on Coal Devolatilizotiom, 
where - : 500 psi9 CO/H2 and---: 500 psig H2. 
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